Background Timing of dietary intake may play a role in obesity. However, previous studies produced mixed findings possibly due to inconsistent approaches to characterize meal timing and not taking into account chronotype and macronutrients. To address the aforementioned limitations, we have defined meal timing relative to sleep/wake timing, investigated the relationship between meal timing and body mass index (BMI) dependent on chronotype, and examined the associations. Methods BMI, chronotype, and dietary intakes were measured in 872 middle-to-older-aged adults by six 24-h dietary recalls in 1 year. We defined four time windows of intake relative to sleep timing: morning (within 2 h after getting out of bed), night (within 2 h before bedtime), and two midday periods in between (split by the midpoint of the waking period). Results A higher percent of total daily energy intake consumed during the morning window was associated with lower odds of being overweight or obese (odds ratio (95% confidence intervals), 0.53 (0.31, 0.89)). This association was stronger in people with an earlier chronotype (0.32 (0.16, 0.66)). A higher percent of total daily energy intake consumed during the night window was associated with higher odds of being overweight or obese (1.82 (1.07, 3.08)), particularly in people with a later chronotype (4. 94 (1.61, 15.14) ). These associations were stronger for the intakes of carbohydrates and protein than for fat intake. Conclusion Our study suggests that higher dietary consumption after waking up and lower consumption close to bedtime associate with lower BMI, but the relationship differs by chronotype. Furthermore, the data demonstrate a clear relationship between the timing of carbohydrate and protein intake and obesity. Our findings highlight the importance of considering timing of intake relative to sleep timing when studying the associations of meal timing with obesity and metabolic health.
Introduction
Emerging evidence suggests that timing of food intake is a relevant aspect in nutrition and may play a crucial role in obesity [1, 2] . For example, breakfast skipping [3, 4] , late lunch eating [5] , and high energy intake at dinner [6] [7] [8] [9] have been all linked to various indicators of adiposity. However, findings are controversial, and meta-analyses indicate certain methodological limitations [10, 11] . One of the main limitations has been the lack of a consistent approach to define meal timing. Most studies have focused on conventional meal categories (i.e., breakfast, lunch, and dinner) that does not reflect the true eating pattern of many people in different cultures. Furthermore, other studies have used clock time to characterize timing of food intake, which fails to accurately characterize meal timing in the context of the internal circadian timing system. This is important because the circadian clock plays an essential role in energy and nutrient metabolism [12] . In fact, a recent study has demonstrated an association of BMI with the timing of food intake relative to the internal circadian time [13] . Importantly, such relationship was not observed when looking at the time of food intake relative to the external clock time. In order to assess the endogenous circadian time, this study measured the dim light melatonin onset. This approach requires study participants to remain in dim light conditions for many hours and repeated blood or saliva collections which is not practical for most epidemiological or clinical studies.
A practical approach for approximating circadian time of food intake is measuring the time of food intake relative to the sleep/wake cycle. This approximation is based on the relationship between the internal circadian time and the sleep/ wake cycle which is much tighter than that between circadian time and external clock time [14] . Individual chronotype (e.g., morning vs. evening types), which is the preference of timing of various activities including sleep, has been shown to relate to the period (cycle length) of the internal circadian clock [15] and has been found to be a modifier for the relationship between meal timing and obesity [16] .
Changing meal timing may be difficult in real life, especially for breakfast and lunch [17] . Nevertheless, to change the distribution of energy or specific macronutrients (lipids, carbohydrates, or proteins) along the day (e.g., relative increase in intake during breakfast vs. dinner) may be more achievable [18] . Therefore, which foods (macronutrients) are most related to obesity when eaten at a specific time is a critical question.
In the current study, in 872 middle-to-older-aged adults, we examined the timing of food intake and the association with obesity. To address the aforementioned limitations in the existing literature, we have: (a) defined meal timing relative to individual sleep/wake timing; (b) investigated the relationship between meal timing and body mass index (BMI) dependent on chronotype; and (c) examined the associations between obesity and individual macronutrient timing (carbohydrate, protein, and fat).
Subjects and methods

Study population
The Interactive Diet and Activity Tracking in the AARP study was designed to evaluate measurement error properties of internet-based and conventional self-reports of diet and physical activity. Details of the study are published online [19] . Briefly, between January 2012 and December 2013, an invitation letter was mailed to 38,000 AARP (formerly American Association of Retired Persons) members living in Pittsburgh, Pennsylvania and 4967 of them provided contact information via the study website. Of those, 186 did not consent to phone screening and 1266 were excluded due to meeting quota and study closeout. Eventually, a total of 3515 were screened by phone and at the clinic to determine eligibility. Exclusion criteria included having no English speaking or reading abilities, BMI <18.5 or ≥40 kg/m 2 , no access to high speed internet, limited mobility, a history of diabetes, renal failure, congestive heart failure, or conditions involving disturbances in fluid balance or digestion. People who were on a weight loss diet were also excluded from the study. Based on these criteria, a total of 1082 people were eligible, gave consent to clinic visits and sample collections, and contributed data to the study. For our analysis, we further excluded people with no available dietary report or missing sleep information, resulting in a final analytic cohort of 872 participants. The study was approved by the National Cancer Institute Special Studies Institutional Review Board.
Dietary recall
We derived information on total energy and macronutrient intakes from the Automated Self-Administered 24-Hour Dietary Assessment Tool (ASA24) [20] . The ASA24 is an online platform that asks participants to self-report all foods, beverages, and supplements consumed in the previous 24-h periods from midnight to midnight. Participants reported the time of each eating episode in 15-min blocks and portion size for each dietary intake. During a 1-year study period, participants completed six ASA24 recalls, once every 2 months. In our analytic cohort, 94% participants had at least three recalls and 67% had all six recalls. On average, participants reported dietary intakes on 3.7 (standard deviation, 1.4) weekdays and 1.5 (1.2) weekend days. Energy and macronutrient intakes from individual dietary intake at each eating episode were derived using the USDA Food and Nutrient Database for Dietary Studies (version 4.1).
BMI and covariates
During the 1-year period, height and weight were measured at three clinic visits in the first, seventh, and 12th month. BMI (weight (kg)/height(m) 3 ) was calculated using average weight and height and dichotomized into normal weight (18.5≤BMI<25 kg/m 2 ) and overweight or obesity (25≤BMI<40 kg/m 2 ). Participants reported age, sex, and race/ethnicity at the first clinic visit. They also wore the ActivPAL 3 physical activity monitor two times during the study year (month 1 and 6 for half of the participants and month 6 and 12 for the other half), each time for seven consecutive days. The monitor was attached to the right thigh and the participants were asked to wear the device all day and night and only remove it when showering, bathing, and swimming. We used the average total steps per day to measure physical activity levels and the average minutes per day spent in a sitting position to measure sedentary time.
Sleep and chronotype
When participants wore the accelerometer devices, they were also asked to report the times when they got out of bed and went to bed each day, from which we calculated total time in bed and the midpoint of time in bed for weekday and weekend separately. Based on the instruction accompanying the Munich Chronotype Questionnaire [21], we calculated chronotype:
and
where M weekend is the midpoint of time in bed on weekends and TIB weekend and TIB weekday represent total time in bed on weekends and weekdays, respectively. We used a median split to define earlier and later chronotypes.
Daily time windows
On average, only 1.0% of daily energy intake in our study population occurred during the habitual sleep hours; therefore, we focused our analysis on waking hours. Based on the reported bedtime and wake up time, we divided the waking period into four time windows for weekdays and weekends separately. The "morning" time window was defined as within 2 h after getting out of bed. This time window was chosen to examine the conventional breakfast time (89% of all the breakfasts reported in our study occurred in this time window and 79% eating episodes in this window were reported as breakfast), as previous studies have shown the potential important impact of breakfast on obesity [2] . Next, to parallel this morning window, we defined "night" time window as within 2 h before bedtime (in our study, 78% eating episodes in this window were reported as snack). Finally, we divided the remaining time into two equal windows: the "late morning-early afternoon" period was defined as from 2 h after getting out of bed to the midpoint of the waking period, and the "late afternoon-early evening" period was defined as from the midpoint of the waking period to 2 h before bedtime.
Daily distribution of dietary intake
We characterized the distribution of energy intake during the waking period by calculating the percent of total daily energy intake consumed during each of the four different time windows. Similarly, we also calculated the percent of total intake during these different time windows, separately for each macronutrient (e.g., carbohydrate, protein, and fat) and food components (sugar, fiber, saturated fats, monounsaturated fats, and polyunsaturated fats). We further divided the overall study population into quintiles based on the percentage of energy and macronutrient intake for the four time windows. We used the same quintiles created based on the overall population as independent variables in the subgroup analysis.
Statistical analysis
To describe study characteristics, we reported mean and standard deviation for continuous variables, and percentages for categorical variables. We used multiple logistic regression to estimate odds ratios (ORs) and 95% confidence intervals (CIs) for overweight or obesity status, comparing participants in higher quintiles of intake to the lowest quintile [22] . To test for linear trend across quintiles of dietary intake, we modeled categorical variables as continuous by assigning the median value to each quintile. We considered a series of multivariate regression models: the base model was adjusted for basic demographic factors including age (continuous), sex (male, female), and race/ethnicity (Black, White, Other). In a second model, we further adjusted for lifestyle factors as potential confounders, including total time in bed (< 7, 7-8, and 9+ hours), chronotype (continuous), total steps per day (continuous), sedentary time (continuous), and total daily energy intake (continuous). If we would find dietary intake in more than one time window to be significantly associated with overweight/obesity, then we would run a model with these time windows included in one model, to test their independent association.
To examine the effect of chronotype on the relationship between the timing of dietary intake and BMI, we conducted subgroup analysis, splitting the analytic sample by the median of chronotype. For analysis of each nutrient, we further adjusted for total daily intake of the respective nutrient. We used p<0.05 as the threshold for statistical significance, and we also conducted sensitivity analysis by using the criteria of false discovery rate <0.2, which led to largely similar results. All analyses were performed using SAS (SAS 9.3; SAS Institute, Cary, NC, USA). Table 1 . Compared to participants with a normal BMI, those with overweight or obesity, on average, reported a later midpoint of time in bed during weekends, a later chronotype, a longer time delay between dinner and bedtime, and a lower level of physical activity determined by the number of steps per day. Participants with overweight/obesity also reported higher daily intakes of total energy (kcal), and higher intakes (g) of fat, protein, cholesterol, saturated fat, polyunsaturated fat, and monounsaturated fat, while fiber intake was lower than normal-weight participants. We also compared study characteristics by chronotype (Supplementary table 1). We found that when compared to subjects with an earlier chronotype, subjects with a later chronotype in general had a later sleep timing and a later meal schedule for breakfast, lunch, and dinner. The later chronotypes also had a lower step count per day and a higher level of sugar consumption. On the other hand, the percent of total daily energy intake during the four time windows were largely comparable between the two chronotype groups (Supplementary table 2).
Results
Study characteristics by BMI status are presented in
(A) Timing of energy intake and BMI status
We first examined the relationship between dietary intake during the four time windows and BMI status ( Fig. 1 , Table 2 ). We found that participants who reported consuming a higher percent of total daily energy within 2 h after waking up (early morning) had lower odds for being overweight or obese ( Fig. 1a , Table 2 ). After adjusting for multiple covariates, the highest quintile of percent daily energy intake during the morning time window was associated with~50% decrease in the odds of being overweight or obese Fig. 1b ). Indeed, the participants in the highest quintile were 80% more likely to be overweight or obese when compared to those in the lowest quintile (OR Q5 vs. Q1 (95% CI), 1.82 (1.07, 3.08), p-for-linear-trend, 0.02). We conducted additional analyses in which the percent of total energy intake during the morning window and the percent of energy intake during the night window were both included in the model. We observed that mutual adjustment of the two variables in the model had minimal attenuation (<5%) of effect estimates for both time windows, suggesting that the associations between BMI status and intakes in these two time windows were independent of each other.
Finally, we found that the percentage of daily energy intake consumed during the late morning-early afternoon window and the late afternoon-early evening window was not associated with BMI status ( Table 2) . (B) Chronotype as a modifier for the relationship between meal timing and obesity Fig. 1 Associations between percent of total energy consumed during the morning window (a) and the night window (b) and the odds of being overweight or obese in the overall study population and as divided according to sleep timing. Earlier chronotype was defined as a chronotype earlier than the median (3:04 a.m.), while the later chronotype was defined as a chronotype later than the median. The model was adjusted for age, sex, race/ ethnicity, total time in bed, chronotype (in the overall population), total steps per day, duration of sedentary time, and total daily energy intake. All quintiles are based on the overall population. Abbreviations: CI confidence interval, OR odds ratio
We examined whether the relationship between dietary intake during different time windows and BMI status was modified by chronotype.
Morning: First, we focused on percent of daily energy consumed in the morning. We found that a higher intake in the morning window was associated with lower odds of being overweight or obese only among people with an earlier (more morning) chronotype (p-for-linear-trend, 0.0006; Fig. 1a , Table 2 ). Indeed, among participants whose chronotype was earlier than the median, the odds of being overweight or obese was 68% lower when comparing the highest quintile of intake to the lowest in this morning window (OR Q5 vs. Q1 (95% CI), 0.32 (0.16, 0.66)). In contrast, among participants with a chronotype later than median (more evening type), the odds of being overweight or obese did not significantly differ between the highest and lowest quintile of intake in this morning window (OR Q5 vs. Q1 (95% CI), 1.16 (0.53, 2.55), p-for-linear-trend, 0.96).
Night: Next, we examined whether chronotype also had an impact on the relationship between the percent of energy intake at night and BMI status. We found that the association between a higher intake in the night time window and a higher odds of being overweight or obese was stronger among participants Results in bold are statistically significant CI confidence interval, OR odds ratio of being overweight or obese a Earlier chronotype was defined as a chronotype earlier than the median (3:04 a.m.), while the later chronotype was defined as a chronotype later than the median b Adjusted for age, sex, and race/ethnicity c Adjusted for age, sex, race/ethnicity, total time in bed, chronotype, total steps per day, duration of sedentary time, and total daily energy intake with a later (more evening) chronotype (p-forlinear-trend, 0.01; Fig. 1b , Table 2 ). Indeed, among participants whose chronotype was later than median, the highest quintile of energy intake at night was associated with a~5-fold increase in the odds of being overweight or obese, when compared to the lowest quintile (OR Q5 vs. Q1 (95% CI), 4.94 (1.61, 15.14) ). In contrast, no association was observed among people with an earlier (more morning) chronotype (OR Q5 vs. Q1 (95% CI), 1.36 (0.69, 2.67)), p-for-linear-trend, 0.24) (C) Timing of macronutrient intake and BMI status Finally, to determine which of the individual macronutrients, that is, carbohydrates, fats, and proteins, played a more important role in the observed associations, we studied BMI status in relation to the timing of intake of each individual nutrient. We focused our analysis on the morning and night time windows for which we found a significant association between energy intake and BMI status.
Among people with an earlier chronotype, higher intakes of carbohydrate (p-for-linear-trend, <0.0001) and protein (p-for-linear-trend, 0.03) in the morning time window was significantly associated with BMI status, while there was no such association for the intake of fat (p-for-linear-trend, 0.47). We found that the highest quintile of the percent of carbohydrate and protein consumed in the morning time window was associated with 80 and 61% decrease in the odds of being overweight or obese, respectively, in the individuals with earlier chronotype (Table 3 ). In addition, a higher percent of sugar and fiber intake in this time window was also associated with a substantial decrease in the odds in this group. However, among people with a later chronotypes, BMI status was not associated with the percent of intake in the morning for any of the macronutrients and other food components (data not shown).
On the other hand, among people with a later chronotype, the highest quintile of carbohydrate and protein consumed at night was associated with 4.5-fold and 3.7-fold increase in the odds of being overweight or obese, respectively (Table 4 ). In contrast, percent intake of individual nutrients at night was not associated with BMI status among people with an earlier chronotype (data not shown).
Discussion
We found that ON AVERAGE a higher percent of energy intake consumed in the morning, within 2 h after waking up, was associated with~50% increase in the odds of being overweight or obese. Furthermore, ON AVERAGE, a higher percent consumed in the night window, within 2 h before bedtime, was associated with~80% increase in the odds of being overweight or obese. Interestingly, the magnitude of both effects depended on chronotype, with morning intake decreasing the odds only in the earlier chronotypes and with the night intake increasing the odds only in the later chronotypes. Furthermore, when analyzing the individual macronutrients separately, the highest quintile of carbohydrate intake in the morning was associated with an 80% reduction in the odds of being overweight or obese only in the earlier chronotypes, while this reduction was 60% for protein intake. On the other hand, the highest quintile of carbohydrate intake at night was associated with a more than 4-fold increase in the odds for being overweight/obese in the late chronotypes, with a similar increase for protein.
These findings, based on food timing relative to the timing of sleep, expand beyond the findings from previous investigations studying the relationship between food intake and obesity in the morning and at night. Multiple crosssectional and prospective studies have shown that eating breakfast was associated with lower adiposity [2] . For example, in the NHANES (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , young adults (age 20-39 years) who ate breakfast were 22% less likely to be overweight or obese when compared to those who skipped breakfast [3] . In another study, breakfast consumption was associated with a 13% reduction in the risk of gaining 5kg or more over 10-year follow-up in men (age 46-81 years) [23] . Moreover, in a study of over 6000 middle-aged men and women in the United Kingdom, people in the highest quintile of percentage of daily energy consumed at breakfast had the lowest average BMI [24] . While most studies have shown such an association between breakfast intake and decreased likelihood for being obese, some failed to show significance [10] .
For the night, the positive association between higher energy intake and obesity has produced mixed results. In a Swedish sample of more than 3000 adults, those who reported habitual eating at night were 62% more likely to be obese [6] . In addition, a study of more than 70,000 Japanese adults reported that eating dinner within 2 h before bedtime for at least three times per week associates with 36% increase in odds of being obese [7] . Finally, in a small study of 52 American adults, energy intake after 8:00 p.m. was associated with a higher BMI [25] . However, in a systematic review and meta-analysis focusing on large dinner and evening intake and their association with obesity, only four of the ten studies found a significant and positive association [11] .
Several limitations exist in previous studies that may partially account for the heterogeneity in their findings. As McCrory et al. [10] pointed out, lack of consistent definitions of meal and meal timing may be an important contributor. In the current study, we introduced a practical approach to define meal timing by considering its timing relative to the sleep/wake cycle, as a proxy for circadian time of food intake. Other approaches of defining meal timing, using clock time or meal classification (e.g., breakfast, lunch, dinner) are more influenced by cultural aspects, work/school schedules, and time zones, which may not capture the physiological impact of meal timing on health. Indeed, in a recent study we found that later timing of food intake relative to endogenous circadian phase was associated with higher BMI and adiposity, while no association was found when timing of food intake was expressed in clock hours [13] . In our current study, we observed a wide range for the habitual bedtime (19:30 to 04:40) and the out-of-bed time (06:00 to 12:11) among participants (i.e., spanning more than 6 h). This suggests that there may also have been considerable variation in circadian rhythms in our population, and if we had relied on clock time to define meal timing, the same time point may have reflected very different circadian timing for different individuals, more different as compared to when using time relative the sleep period. Indeed, an analysis in this study population using six 4-h time windows spanning from Table 3 Associations a between the percent of total daily intake of each individual nutrient that were consumed within 2 h after getting out of bed and the odds ratios of being overweight or obese among people with a chronotype earlier than the median (3:04 a.m.)
Nutrient
Percent of total daily intake of each nutrient consumed during the morning window b,c Results in bold are statistically significant CI confidence interval, IQR interquartile range, OR odds ratio a Adjusted for age, sex, race/ethnicity, total time in bed, chronotype, total steps per day, duration of sedentary time and total daily energy intake. For each macronutrient, the models was also adjusted for the daily total intake of the macronutrient b Defined as within 2 h after getting out of bed c All quintiles are based on the overall population midnight to midnight showed no statistically significant association between BMI status and eating in any timeframe (data not shown). Together, these suggest that using timing relative to the sleep/wake cycle may be a more meaningful way to characterize meal timing. However, the precise assessment of the timing of the internal biological clock requires repeated sampling across at least 6 h under dim light conditions which is not feasible in many epidemiologic and clinical studies. Here, by measuring meal timing relative to sleep timing as a proxy marker of circadian time, we offer a more practical approach to better define meal timing in population studies.
We have also found that chronotype is a significant modifier of the association between meal timing and obesity. Indeed, we found that the association between higher energy intake in the morning and lower BMI was only observed among earlier chronotypes. Furthermore, the association between higher energy intake at night and higher BMI was stronger among later chronotype. One possible explanation for this observation is that the circadian timing of the sleep episode depends on chronotype [26, 27] , such that the timing of food intake relative to the sleep episode would represent a different circadian phase in each chronotype. As demonstrated by previous studies, the Table 4 Associations a between the percent of total daily intake of each individual nutrient that were consumed within 2 h before bedtime and the odds ratios of being overweight or obese among people with a chronotype later than the median (3:04 a.m.)
Percent of total daily intake of each nutrient consumed during the night window b,c Defined as within 2 h before bedtime c All quintiles are based on the overall population d Due to a substantial portion of participants who had no intake of cholesterol during this time window, we divided cholesterol intake in tertiles energy expenditure after a meal differs between the morning and the evening, controlled by the circadian system [28] , and therefore dietary intakes at different circadian phases may lead to different metabolic outcomes. Our results suggest that the optimal meal timing may differ according to individual circadian characteristics, an important factor to be considered by future studies.
The finding of the association between the timing of macronutrient intake and obesity supports the hypothesis that the response to and need for different nutrients varies across the circadian cycle and can have important health consequences [29] . Two previous studies investigated the timing of intake of individual macronutrients in relation to obesity, but their findings were mixed. In one study, a higher intake of protein in the evening was associated with higher BMI [9] , while in the other, consuming a higher amount of carbohydrates and lipids at dinner was associated with overweight or obesity status [16] . Moreover, in a recent randomized, cross-over study, the effect of high carbohydrate and low fat intake at night resulted in impaired glucose tolerance in prediabetic individuals [30] . In our study, the intake of carbohydrates and protein in the morning and night time windows appeared to have the strongest effects. The mixed results may be partially explained by the heterogeneity in the assessment of dietary timing in different studies. We encourage more studies to examine the timing of macronutrient intakes relative to the sleep period (and ideally to endogenous circadian phase) as this issue is relevant for the nutrition field and for clinical practice.
Our study has several strengths. First, we collected detailed information on sleep timing, which enabled us to construct eating time windows in reference to sleep as a proxy of the circadian time of food intake [13, 31] . Second, we have multiple dietary recalls conducted throughout a year, which allowed us to capture the habitual dietary pattern and reduced potential influence of seasonal fluctuations in meal timing. This study also has several limitations. Sleep timing was self-reported by diaries and not reported on the same day when dietary recalls were completed. Moreover, we did not have information on certain lifestyle and medical factors such as smoking and sleep disorders, and therefore could not control for their possible confounding effects.
In conclusion, our study demonstrates that higher dietary consumption after waking up and lower consumption close to bedtime are associated with lower BMI, but the relationship differs by chronotype. Furthermore, the results show a clear relationship between the timing of carbohydrate and protein intake and obesity. Although our findings may have important public health implications, experimental studies are needed to establish a causal relationship. We encourage future research to examine the effects of meal timing on weight change and risk of obesity by using an experimental design, particularly randomized trials, because findings from such studies could inform dietary guidelines. Based on our findings, future trials should consider designing personalized dietary interventions according to individual characteristics such as chronotypes. Our findings also highlight the importance of considering timing of intake relative to sleep timing (as opposed to merely local clock time) as well as the nutrient composition of meals when studying the effects of meal timing on obesity and metabolic health.
